This study addressed the effects of chitosan-based nanoparticles on microbiological quality, colour, polyphenol oxidase (PPO) and peroxidase (POD) and firmness of fresh-cut 'Gala' apple slices during storage at 5°C for 10 days. The treatments carried out were as follows: (i) slices pulverised with 110-nm chitosan nanoparticles, (ii) slices pulverised with 300-nm chitosan nanoparticles, (iii) 2 g L À1 chitosan dissolved in 2% citric acid and (iv) noncoated samples. There was an increase in chroma and a proportional decrease in hue angle and lightness. Browning of the slices coated with conventional chitosan and control was slightly intense than those coated with chitosan nanoparticles of 110 and 300 nm. The PPO and PDO activities increased with time for all samples, with irrelevant difference among the treatments. Flesh firmness did not change for any treatment and period. Coatings with chitosan nanoparticles of 110 nm showed higher antimicrobial activity against moulds and yeasts, and mesophilic and psychrotrophic bacteria than the other treatments. No Salmonella, and total and faecal coliforms were detected. This investigation supports the potential use of chitosan nanoparticles as edible coatings in controlling microbial activity in fresh-cut apples.
Introduction
In fresh-cut fruit and vegetables, the wounding associated with the processing accelerates the physical and physiological disorders, and also contributes to microorganism proliferation due to cell exudates. For these, edible coatings have been considered as an effective simple technology to maintain the quality and improve the shelf life of processed fruits and vegetables. Edible coatings create a barrier which inhibits microbial growth, reduces respiration and transpiration rates, moisture loss, regulating the transfer of flavour, aroma and acts positively in maintaining colour and texture quality (Kester & Fennema, 1986; Baldwin, 1994; Park, 1999; Krochta, 2002) .
In particular, polysaccharide-based coatings have demonstrated to be effective in preserving fresh-cut products. Among them, the chitosan, a polysaccharide obtained from deacetylation of chitin in alkali medium, is an abundant polymeric product widely accepted as feasible to be included in the edible coating formulations (Hirano, 1999) . Chitosan is a versatile polymer with good mechanical properties and film-forming ability, selective permeability to gases (Caner et al., 1998; Wiles et al., 2000) , and presents a broad spectrum of antimicrobial activity (Zhang & Quantick, 1998; Romanazzi et al., 2002; Qi et al., 2004; Chien et al., 2007; Du et al., 2009; Rodr ıguez-N uñez et al., 2012) .
Nevertheless, the characteristics of films and coatings can be improved by incorporating nanostructures into their matrix. Some studies have shown satisfactory results from the use of edible films and coating based on nanoparticles and composites on fruits and vegetables. Medeiros et al. (2012) applied nanolayered coatings of j-carrageenan and lysozyme on 'Rocha' intact and fresh-cut pears reporting the positive effect on gas barrier properties and antimicrobial action, also maintaining the colour and reducing mass loss. Jiang et al. (2013) found that alginate/nano-Ag coating had considerable benefits on the physicochemical and physiological quality of shiitake mushroom stored for 16 days at 4 AE 1°C comparing to the alginate-based coating and the control. Costa et al. (2012) showed reduction in mesophilic and psychrotrophic bacteria, Pseudomonas spp. and yeasts by one or two log cycles in fresh-cut carrots when coated with calcium-alginate coating loaded with silver-montmorillonite (Ag-MMT) nanoparticles during cold storage.
When incorporate in a polymer matrix, nanoparticles can enhance the mechanical and barrier properties, and also act as antimicrobial agent as in the case of chitosan, with benefits for quality and safety of food (Belbekhouche et al., 2011; Martelli et al., 2013) . The addition of unmodified and organically modified montmorillonites, nano-silver and silver-zeolite into chitosan-based coatings, also improved mechanical, water vapour barrier, and antimicrobial properties when compared to conventional chitosan films (Rhim et al., 2006) .
The chitosan most accepted model of antimicrobial action is the electrostatic interaction between the positively charged amino groups with negative residues present on the cell membranes of microorganisms (Tsai & Su, 1999) . This interaction is effective in promoting internal osmotic imbalances and thus inhibiting microorganisms' growth (Shahidi et al., 1999) . Du et al. (2009) evaluated antibacterial activities of chitosan by determination of minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) against Escherichia coli, Salmonella choleraesuis and S. aureus in vitro and reported that chitosan in nanoparticles format showed much higher activity than dissolved chitosan in Muller-Hinton (MH) broth. Han et al. (2010) also demonstrated that chitosanmontmorillonite nanocomposites were significantly more effective against S. aureus and E. coli than found to isolated chitosan and Na-montmorillonite. Such efficiency is attributed to the reduction in molecular size of the compounds that increases the surface interaction to microbial cells. In this context, nanotechnology is stated as a promising technique for the development of new materials with properties suitably potentialised for the food industry and foodstuffs, including materials for conservation and fresh-cut fruit treatment.
Therefore, we have hypothesised that chitosan nanoparticles would reduce drastically the microorganisms development in fresh-cut 'Gala' apples (Malus x domestica Borkh.). In this paper, we show evidence for the first confirming the efficacy of antimicrobial activity of the chitosan-based nanoparticles coating when compared to conventional chitosan continuous coating on fresh-cut 'Gala' apples during cold storage.
Materials and methods

Material
Chitosan (MW = 71.3 kDa, degree of deacetylation 94%) was purchased from Polymar Ciência e Nutric ßão S/A (Fortaleza, CE, Brazil). Citric acid (Synth Ltd., Diadema, SP, Brazil) was added to dissolve the chitosan. Sodium tripolyphosphate was obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Ascorbic acid (Synth Ltd., Diadema, SP, Brazil) was the antibrowning agent used. Sodium dichloroisocyanurate dehydrate (Sumaveg â , JohnsonDiversey Brasil Ltda., São Paulo, SP, Brazil) was used to sanitise apples.
Preparation of conventional chitosan gel coating
The gel for conventional chitosan coating (no nanoparticles) was prepared by dissolving 2 g of chitosan in 1 L of 2% citric acid aqueous solution in distilled water with constant stirring for 12 h. The mixture was heated to 40°C to facilitate dispersion. The solution pH was 4.16.
Preparation of chitosan-tripolyphosphate (CS-TPP) nanoparticles
Chitosan nanoparticles were obtained from two concentrations of citric acid aqueous solution, following procedure described by de Moura et al., 2009 . For the synthesis of nanoparticles, the citric acid concentrations were 2.0 and 4.0 mg mL À1 . Under mechanical homogenisation at room temperature, 28 mL sodium TPP aqueous solution was added into 70 mL of each chitosan solution, as a polymerising agent. The solutions were mixed with a homogenizer (Fisatom) at, with continuous addition of TPP solution at a rate of 1 mL min À1 . The nanoparticles solution of 110 and 300 nm presented pH of 4.23 and 4.04, respectively, corresponding to chitosan isoelectric point, ensuring stability in suspension allowing spraying.
Particle size distribution and polydispersion index
The particle size distribution was evaluated at room temperature using a Zetasizer Nano ZS (Malvern Instruments Inc., Westborough, MA, USA), with laser diffraction. All analyses were performed in triplicate. The resulting nanoparticles were observed under electronic microscopy (FEG-SEM JEOL JSM-6701F) by dropping a diluted solution (1/1000) onto a silicon wafer, allowed to dry for 24 h and carbon coated.
Processing and fruits coating
Cold room was previously washed and sanitised with 1 mL L À1 quaternary ammonium and utensils washed and sanitised with 200 mg L À1 sodium hypochlorite solution at pH 7 before processing. 'Gala' apple fruits (Malus x domestica Borkh.) were purchased from a local wholesale distributor at commercial maturity from a same lot. Apples were selected by uniform size, discarding those with mechanical and pathological injuries. The fruit was stored at 5 AE 1°C before processing. Previously to the cutting operation, the fruits were washed, sanitised by immersion in a 200 mg L À1 sodium dichloroisocyanurate dehydrate solution for 3 min, rinsed and dried. The samples were cored and manually cut into wedges (average weight at 25 AE 2 g) with a sharp stainless steel knife. The apple wedges were then rinsed in a 20 mg L À1 sodium dichloroisocyanurate dehydrated solution and immersed in ascorbic acid 1% for 3 min. Afterwards, they underwent treatment as follow: (i) 110-nm chitosan nanoparticles coating by spraying on the slices, (ii) 300-nm chitosan nanoparticles coating by spraying on the slices, (iii) dipping the slices into a solution of 2 g L À1 chitosan dissolved in 2% citric acid for 2 min. and (iv) as control: nontreated samples. Excess gel (sprayed and dipped) was allowed to drain off and the coating was then formed. Portions of 200 g of fresh-cut apples were packed in polyethylene terephthalate trays (160 lm, 750 mL, Galvanotek â , Carlos Barbosa, Brazil). Trays were sealed and stored in cold room at 5 AE 1°C. Analyses were carried out every 2 days for 10-day storage. Preliminary essays were carried out using citric acid alone, and the results did not differ from control without citric acid in microbiological and browning response (data not shown).
Flesh colour
Colour values of the cut apple surfaces were measured with a colorimeter HunterLab MiniScan XE Plus (Hunter Associates Laboratory, Inc, Reston, VA, USA). Colour was measured using the CIELAB system: L* (lightness), C* (chroma), h°(hue angle). Hue angle (h°= tan À1 [b*/a*] ) and chroma (C* = [a* 2 + b* 2 ] 1/2 ) were calculated from a* and b* values (Mcguire, 1992) . Illuminant D65 and 10°observer angle were used. The instrument was calibrated using a standard white reflector plate. Samples were randomly taken from three trays per treatment, and five readings (five sliced surfaces) were made in each tray.
Determination of PPO and POD activities
The enzyme extraction was prepared by homogenising 10 g of apple wedges with 20 mL of 0.2 M sodium phosphate buffer (pH 7.0) and 0.2 g polyvinylpolypyrrolidone (Sigma-Aldrich). The homogenate was centrifuged at 16000 g at 4°C for 30 min (Centrifuge Continent R, Hanil Science Industrial Co., Ltd., Incheon, South korea). The enzyme extract was obtained by filtration of the supernatant through Whatman 0.45-lm paper. Polyphenol oxidase activity was determined by measuring the rate of increase in absorbance at 420 nm in a spectrophotometer (Micronal B542, São Paulo, SP, Brazil) of a mixture containing 2.9 mL of 0.11 M catechol in 0.05 M phosphate buffer (pH 7.0) and 100 lL enzyme extract. Peroxidase activity was determined by measuring the rate of increase in absorbance at 485 nm of a mixture containing 2.7 mL of 0.05 M phosphate buffer (pH 7.0), 200 lL of qphenylenediamine solution (1%), 100 lL of hydrogen peroxide solution (1.5%) and 25 lL of enzyme extract. The enzymes activities were calculated on the basis of the slope of the linear portion of the curve of changes in absorbance plotted against time (up to 3 min) and were expressed as changes in absorbance per min and gram (Cano et al., 1997) .
Firmness measurement
Apple firmness evaluation was performed using a TA.XTPlus Texture Analyser (Stable Micro Systems Ltd., Godalming, UK) by measuring the maximum penetration force required for a 4-mm-diameter probe to penetrate into an apple wedge to a depth of 5 mm at a rate of 5 mm s À1 . Apple wedges were placed perpendicular to the probe to allow penetration in their centre, and the measurements expressed in Newton (N). Five wedges from each tray were measured.
Microbiological analysis
The microflora was measured every 2 days for 10 days of samples storage at 5°C. One sample from each treatment was dipped in equivalent volume of sterile peptone water 1% (e.g. a slice of 10 g was dipped in 1 mL of peptone water) for 1 min. A 1 mL aliquot of the solution was then serially diluted in sterile peptone water 1% in (1:10) to a final dilution of 10 3 . Separate 1 mL aliquots of each of the dilutions from 10°to 10 3 were withdrawn and poured on 3M (three kit wells per sample). The plates for yeast and mould were incubated at 25°C for 72 h and 120 h; plates for E. coli and coliform were incubated at 35°C for 24 h and 48 h, respectively, and plates for psychrotrophic and mesophilic bacteria were incubated at 21°C for 25 h and 35°C for 48 h, respectively. The microorganisms were counted with an automated colony counter Phoenix CP 600 Plus (Araraquara, SP, Brazil). The results were expressed as CFU g À1 of apples. For Salmonella, the samples were primary enriched in Buffered Peptone Water for 24 h at 35°C followed by the secondary enrichment in Rappaport Vassiliads Broth for 20 h at 42°C. For postenrichment, samples were enriched in M-Broth for 8 h at 36°C. The results were interpreted comparing wells of the samples to the well of positive control.
Statistical analysis
A completely randomised design was used with evaluation of eight slices from four replicate trays per treatment and sampling time. The effects of treatments, storage days and interaction for each original isolated variable were analysed using general linear model (GLM) procedure of SAS â 9.2, using a complete factor analysis in the analysis of variance (ANOVA). Significant differences among the levels of main effects (treatment and storage day) were compared by least significant differences (LSD) test at the 5% level. The results of nanoparticles size distribution (Zetasizer Nano ZS) were mathematically fitted by Gaussian function and the values obtained by the mean AE standard deviation (sigma error).
Results and discussion
Particle size and polydispersion index
Chitosan-tripolyphosphate (CS-TPP) nanoparticles with different particle sizes were successfully produced by varying the solution citric acid content. It can be observed that the CS-TPP nanoparticles size increases upon the increase in acid content in the feeding solution (NPCS1 minor concentration; NPCS2 higher concentration) (Table 1) . It should be pointed out that the production of nanoparticles with controlled particle size is usually highly desirable. In other studies found in the literature (Saloko et al., 2013; Venkatesan et al., 2013) , chitosan nanoparticles are produced using acetic acid as solvent. In the present work, the nanoparticles were prepared with citric acid solution, which may be extremely important for several applications in food area. This fact is relevant as the pH of citric acid also makes it useful as a preservative.
Polydispersion index indicates how the particle size distribution is spread. Small PDI values are related to narrow size distributions (Lemarchand et al., 2003) . Overall, the synthesised chitosan nanoparticles showed a narrow pattern of size distribution, as presented in Table 1 . Both size distributions fit a Gaussian function ( Fig. 1) Martelli et al. (2013) , using the same process. The low polydispersity found in this work shows that the particles are uniformly sized, which can also be evidenced by the images of FEG electronic microscopy (Fig. 2) .
Flesh colour
There was a decrease in L* value indicating flesh browning of fresh-cut apples over the 10 days of storage, with L* values from 87.7 to 81.7 (Fig. 3) . Browning in the slices coated with conventional chitosan solution and the control was slightly intense than those coated with colloidal solution of chitosan nanoparticle 110 nm and chitosan nanoparticle 300 nm. The browning on apples cut surface may be attributed to the enzymatic oxidation of endogenous phenols into quinones, which polymerise into brown products. Despite significant effect of treatments on L* (Table 2) , the L* changes were so small that it would be practically impossible to detect such differences among fruit by visual evaluations. Hue angle (h°) decreased for all of the samples, but although there was statistical differences (Table 2) , the slices were maintained with yellowish-orange hues (h°from 83.8 to 78.6) during storage (Fig. 3) . The colour of the slices became slightly saturated (C* from 28.5 to 34.6) (Fig. 3) , deeper in colour with a significant increase in chroma over the storage period (Table 2 ). However, no major impact of particle size of chitosan on overall visual quality was noticed, showing that colour of fresh-cut apples was not influenced by the nanoparticles size. Indeed, chitosan conventional coatings on processed apple have already demonstrated that they have positive effect on firmness conservation, however bringing no benefits in controlling apple mesocarp browning during storage (Assis et al., 2012) . In contrast, Mustafa et al. (2013) reported five-day delay in skin colour change, from green to red, and also in other indicators of ripening in tomatoes coated with chitosan-surfactant with nanoparticles of 400, 600 and 800 nm when compared to noncoated samples, demonstrating that chitosan nanoparticles do have potential for maintaining postharvest quality of fresh tomato.
PPO and POD activities
The concentration and composition of phenolic compounds and the PPOs activity are frequently attributed as the main causes of browning development in cut fruit and vegetables (Joslyn & Ponting, 1951; Lamikanra, 2002) . The PPO activity significantly increased during storage (Table 2) , with the highest values after the sixth day in all of the treatments (Fig. 4) . Despite statistical variance, small differences in the PPO activity occurred among treatments. The control remained with the PPO activity a little higher than the other treatments after the second day of storage. The enzymatic activity was slightly lower in samples coated with nanoparticulated chitosan. The presence of citric acid and sodium tripolyphosphate in the coating composition and the ability of chitosan to act as barriers to oxygen, necessary for the reactions of this enzyme to occur, may explain this slight preservative effect.
Similarly occurred for the POD activity, which increased with time in all samples during the storage period (Fig. 4) and despite the statistical significance among treatments (Table 2) , the difference was irrelevant, not visually noticeable on the apple slices surfaces. Kim et al. (2013) used chitosan nanoparticles 228 nm as a carrier of ascorbyl palmitate (AP) to inhibit PPO in bananas and reported that the PPO inhibitory activity of AP was effectively improved when AP was nano-encapsulated by chitosan compared to no encapsulation.
Firmness measurement
No treatment and storage effect was found for the flesh firmness ( Table 2 ). The measured firmness has not changed nor followed any trend in function of the used coating, as measured within sample replicates. The apples slices coated with nanoparticulated chitosan as well as the slices coated with conventional chitosan solution and the control remained with similar firmness range from 8.2 to 7.7 N during the storage period (data not shown).
Microbiological analysis
Microbial growth was found for all samples along the storage time. As expected, the use of chitosan in nanoparticles format resulted in a relevant reduction on the microbial count when compared to noncoated samples (Fig. 5) . It is worth noticing that Salmonella and total and faecal coliforms were also evaluated in this study; however, none of these microorganisms were detected in any samples. Mesophilic microorganisms are among those most important in food, being the most of the microorganism related to public health concern. The temperature range for mesophilic microorganisms' growth is between 10 and 47°C, being 30-40°C the optimum growth condition, at the human body temperature (IC-MSF, 1980) . In raw fruit and vegetable, an increased number of total mesophilic counts may indicate an excessive contamination probably caused by inadequate manipulation during harvest, storage and processing (Doyle et al., 1997) . In our investigation, the nanoparticulated chitosan suppressed the growth of mesophilic microorganisms compared to the conventional coating (Fig. 5) . The mesophiles were significantly lower (Table 3) for the fruit coated with the smaller size of chitosan particle (110 nm), reaching a mean count of 2.0 log CFU g À1 over the period. This count was 1 log cycle lower than those found for the treatment with 300 nm nanoparticles size and to the conventional chitosan coating, and 3 log cycles than in noncoated samples. Peroxidase. ns = nonsignificant; *Significant at P < 0.05; **Significant at P < 0.01; ***Significant at P < 0.001. The 110-nm nanoparticle chitosan coating also exhibited the highest antimicrobial activity against psychrotrophic microorganisms (Table 3 ; Fig. 5 ). These microorganisms have optimal growth temperature in the mesophilic range but are capable to grow even at low refrigeration temperatures. Although both nanoparticles and conventional chitosan-coated samples presented similar counts until the sixth day, both nanoparticles coatings (110 and 300 nm) were more effective in inhibiting microbial growth. Evidently, the noncoated samples showed the highest count for psychrotrophs during the storage period (Fig. 5) .
Moulds and yeasts were significantly inhibited by chitosan nanoparticles coating with 110 nm until the eighth day of storage (Table 3 ; Fig. 5 ). The effect of the antimicrobial activity of both conventional and nanoparticulated chitosan noticeably decreased in the last day of storage. Such effect can be understood by the saturation of the protonated amino groups in the chitosan backbone. Because the main antimicrobial action of the chitosan is based on the electrostatic interaction, as the population of microorganism grow, the number of charged sites remains the same. After a few days, all chitosan sites are linked, reducing its overall antimicrobial efficiency.
The activity of chitosan against different groups of microorganisms, mainly moulds, is assumed to have a mechanism similar to that described for bacteria, that is, the activity against moulds is regulated by electrostatic interactions (Rabea et al., 2003; Devlieghere et al., 2004; Goy et al., 2009; Elsabee & Abdou, 2013) . Generally, chitosan has been reported as being very effective in inhibiting spore germination, germ tube elongation and radical growth (Sashai & Manocha, 1993) . As summarised by Jung et al. (1999) , the mechanisms behind the antimicrobial activities of chitosan can be described as follows: (i) the positively charged amino groups on chitosan bind with sialic acid in phospholipids, consequently inhibiting the movement of microbial substances and (ii) oligomeric chitosan penetrates into the cells of microorganisms and preventing the growth of cells by prohibiting the transcription of DNA into RNA (Rabea et al., 2003) . The chitosan also activates chitinases, b-glucanases and lipoxygenases, stimulating the generation of reactive oxygen species (Vasyukova et al., 2001) . The same antimicrobial mechanism is assumed for both chitosan as gel (continuous coating) or as nanoparticles formats. Conventional chitosan promotes the formation of a continuous film by polymer deposition, coating and acting on the entire fruit surface. This coating may be mono-or multilayered structured, with several dipping sequences, achieving different thicknesses up to micrometres (Assis & Britto, 2010; Sui et al., 2010) . It differs when compared to nanoparticle coatings as the nanoparticles are sprayed, forming a noncontinuous coating. Although the sprayed nanoparticles result in a much dispersed coating, the nanosize enhances the chitosan properties by providing higher surface interaction, with consequent effects on microorganisms.
Thus, the smaller the particle, the higher will be its mobility and surface interaction, resulting in enhancing on the antimicrobial activity. In fact, the treatments using colloidal solution of chitosan nanoparticles (110 and 300 nm) resulted in the highest antimicrobial activity against mesophilic and psychrophilic bacteria and moulds and yeasts, reducing total microbial contamination levels when compared to conventional coating solution and to the control samples throughout the storage period.
Conclusion
The CS-TPP nanoparticles using citric acid as solvent were successfully prepared and used as colloidal spray for processed apple coating. The tests carried out on fresh-cut 'Gala' apples revealed a better antimicrobial efficiency of nanoparticles coatings when compared to conventional chitosan coating and the control. The chitosan-based 110-nm nanoparticles were the most effective coating in inhibiting microbial growth for both bacteria and moulds. No major differences among the coatings were observed on the other quality attributes investigated in our study along 10 days under cold storage. This investigation supports the potential use of chitosan nanoparticles formulations as edible coatings in controlling microbial activity on fresh-cut apples.
